The shift from fossil fuels and traditional renewable energy to costlier modern renewable energy based on geothermal wind and solar resources is explained. Statistical data collected from 14 countries with a population greater than 100 million inhabitants was used, where the EU is considered as a country. The period from 1990 to 2015 is covered, however divided in two parts, 1990-2005 when conditions were not favourable for renewable energy because the price of fossil fuels and policy support for renewable energy were low, and 2005-2015 when these conditions improved. Theoretical analyses show that the high price of fossil fuels, policy support and cost-effective technologies can explain the fast growth of modern renewable energy during 2005-2015; however, they only partially account for its slower growth during 1990-2005. An additional explanation might be that the innovators generate qualities due to renewable energy use, which are expressed on the markets as value addition of energy services. The statistical analysis of energy services during [1990][1991][1992][1993][1994][1995][1996][1997][1998][1999][2000][2001][2002][2003][2004][2005] shows that the European Union (EU) led in renewable energy compared to the United States (US), Japan and other countries, which was driven by the social initiatives that fostered new firms in the electricity and gas business. A statistical analysis of energy services in the US and EU during 2005-2015 reveals that their value added has grown on an annual average of 2.0% and 2.8%, respectively, which denotes an annual increase of 3 billion and 6 billion US dollars in the 2005 value (USD 2005 ). This valorisation of energy services has invoked further innovations in distributed energy systems and energy storage. A further statistical analysis of the 14 largest countries by population confirms a valorisation of energy services due to modern renewable energy where the emission reduction of carbon dioxide (CO 2 ) is a side-effect. Extrapolation of the average growth rates from the period 1990 to 2015 to the period 2015 to 2040, without any change but a substitution of fossil fuels for renewable energy, demonstrates that global income would grow fourfold and energy consumption twofold along with a 100 times larger modern renewable energy and CO 2 reduction to 46% of the 2015 level. When those average growth rates of renewable energy decrease linear to 25% in 2040, the global modern renewable energy grows tenfold and CO 2 reduces to 82% of the 2015 level. The implication of this statistical study on large countries shows that higher value energy services for households are often based on distributed renewable energy and that such an addition of value generates a CO 2 emission reduction as a side effect which can be enhanced by pricing CO 2 or obstructed by policy support for the vested interests. This study indicated that the valorisation of energy services will generate a growth of income, energy consumption and renewable energy along with a far-reaching emission reduction of CO 2 if policies do foster sustainable innovations.
Background
Renewable energy increasingly rivals fossil fuels on the global energy market of 6400 billion US dollars in the 2005 value (USD 2005 ) a year because its consumption grows faster despite higher costs. Herewith, fossil fuels cover coal, oil, gas and nuclear resources, whereas renewable energy embraces the traditional, based on biomass and hydro resources, as well as modern renewable energy based on geothermal, wind and solar resources. World Bank data [1] show that the share of all renewable energy in global energy consumption has increased from 17% in 1990 to 18% in 2015 whilst total energy consumption has grown by 1.8% on an annual average. Within all renewable energy, modern renewable energy grew faster than the traditional one though it is costlier. In addition, the International Energy Agency (IEA) [2] reports that the share of the cheapest renewable energy, which is hydropower, have decreased whilst modern renewable energy, that is costlier, has grown by an annual average of 7.1% from 0.4% of the global energy supplies in 1990 to 1.5% in 2015. Businesses also perceived opportunities as global new investments in renewable energy grew nearly 100-fold during the last 25 [3] , where most were channelled in modern renewable energy based on wind and solar power. This leaves one to question why a demand for more expensive renewable energy has grown and might still grow. This paper assesses the drivers of the growth of modern renewable energy. The assessment covers the period from 1990 to 2015 when modern renewable energy was substantially costlier than fossil fuels per energy unit measured by standardised discounting, manpower and other cost factors, referred to as the levelized costs of energy (LCOE) [4] . Although renewable energy has rarely reached price parity with fossil fuels in the deliveries for energy consumption in businesses and households (energy services) before 2015, it substituted fossil fuels. Apparently, factors other than the costs per energy unit were also important.
Why would households and businesses pay for costlier energy resources? The answer in this paper refers to the behavioural theory about transactions between suppliers and customers in the value chains, given their income [5] . If suppliers and customers operate under competition, these transactions evolve toward an equilibrium price of a specific quality and also generate novel qualities entailing a larger diversity of qualities within a framework of the suppliers' and customers' total income. The diversity of qualities enlarges because every subsequent supplier in a value chain compounds additional qualities in a product with the aim to sell these qualities at a higher product price or accrue a larger market share, whereas every subsequent customer pursues purchases of the qualities it perceives valuable after deliberations about deficiencies; please note that the deficiencies known to suppliers can be intangible to customers as the theory on asymmetric information on markets shows. The supply of those valuable qualities is expressed as value addition. The value added means sales minus purchases. The sales are equal to the sale price multiplied by the deliveries, and the purchases are the cost of resources multiplied by the volume of purchases. The value added is an expression of the marketable quality. It is formally:
where V is the value added of services in monetary term, P s is the sales price and P r is the resource price, whereas Q i denotes the quantity of the service in energy terms. Novel qualities that are purchased by subsequent customers in the value chain and ultimately paid by consumers in households and businesses are considered as innovations. Innovations emerge due to novel entrepreneurial activities, labelled as "doing things differently" [6] . When these innovations add value to the individual interests as well as the collective, in particular when they reduce negative social and environmental impacts along with more income, they are labelled as sustainable innovations [7] . This train of thought about value chains and innovations holds also true for energy suppliers that process energy resources into energy services for customers in businesses and households. The supplies are diversified throughout the last two centuries into heat, power, motion, light, sound, vibration and other energy services. The value of some energy services increased a lot measured by market prices. For example, the international resource price of natural gas on the European Union market in 2015 was below USD 0.02 per kilowatt-hour (USD 6 per MMBtu). The Eurostat data [8] show that the sales prices to households after processing and distribution per kilowatt-hour were about USD 0.06 for gas and USD 0.14 for electricity without taxes, or USD 0.08 and USD 0.23 with taxes; the price of gas tripled and electricity increased about eight times. The value added of gas services was (0.06-0.02) × 1146 TWh ≈ USD 46 billion and electricity services (0.14-0.02) × 3458 TWh ≈ USD 414 billion in nominal prices, TWh = 10 6 kWh. More detailed accounts are shown in "Valorization of energy services" section. In this paper, the growth of modern renewable energy is comprehended as an innovation spur for the valuable qualities in energy services when aiming at private and collective interests.
Customers do pay for additional qualities and fewer deficiencies in energy services because they contribute to productivity and welfare [9] . For example, higher qualities of energy services generate spin-off in production due to high caloric heat for industries, high power for mobility, electricity for air conditioning and other income-generating activities. High-quality energy services contribute to welfare due to lighting for education, sound for leisure and other private interests, as well as to fewer hazards, pollution reduction and other social interests. The income per unit energy service is referred to as the energy intensity by the World Energy Council (WEC); in engineering, it is often defined as the energy input per product quantity. Energy intensity grew globally on average by 1% to 3% per year throughout the past decades [10] . Modern renewable energy also adds valuable qualities to energy services. For example, renewable energy provides more transparent supply chains, and when local resources are used, it enables energy consumption in remote areas, and it is used as a backup for peaks in energy demands because the production capacities for the baseload can be lower. In addition to such private interests, modern renewable energy also contributes to the common good because hazards of combustion, pollution and emissions of carbon dioxide (CO 2 ) that cause climate change are reduced. These qualities add value to energy services. There are also deficiencies because renewable energy based on wind and solar power is variable. Continuous electricity delivery needs storage. That major deficiency of modern renewable energy, which is the variability of energy supply in time and space, is countered by local networks for heat and power with energy storage in water power, electric batteries, pressed hydrogen and other means, as well as exchange of the energy surplus across customers, referred to as distributed energy systems. The cost of storage, however, is high and adds to present electricity prices. The growth of value added in energy services during several years indicates a stream of novel valuable qualities, referred to as the valorisation of energy services. The valorisation of energy services and the role of modern renewable energy in it are estimated in this paper.
Mainly, statistical data are used. These are derived from the Energy Information Administration (EIA) for the United States [11] and the Eurostat data for the European Union, as well as the World Bank and IEA data. The data cover 14 countries with more than 100 million inhabitants in 2017 and globally. The income per capita after correction for inflation based on a typical consumer purchase basket is used, referred to as gross domestic product in purchasing price parity (GDP-PPP). These countries in ascending order GDP-PPP per capita in 2015 are the USA, Japan and European Union of 28 members (which are considered high-income countries), followed by the Russian Federation, Mexico, Brazil, China, Indonesia, Philippines and India (which are called mid-income countries), and finally, Nigeria, Pakistan, Bangladesh and Ethiopia (which are considered as low-income countries). Using the IEA data for 2015, these countries together covered about 70% of the global population, 74% of the global GDP-PPP, 65% of the global energy production, 72% of the energy consumption and 76% of the electricity consumption, as well as 88% of coal supplies, 63% of oil, 64% of gas, 83% of nuclear energy, 71% of biofuels, 66% of hydropower, 84% of modern renewable energy and 73% of the global CO 2 emissions. For this paper, only public data are used because they are assumed more credible compared to the data published by private sources and the data sources are not mixed in the accounts in order to avoid data discrepancies between different data sources. This is done because differences in the public data sources can be found. For example, compared to the World Bank data in 2015, the IEA data show a 4% lower global energy consumption, 12% lower global CO 2 emissions and much larger differences for a few countries; the countries' data also differ from the international data.
The period 1990-2015 is considered. The assessment encompasses the timeframe from 1990 to 2005 when the prices of fossil fuels fluctuated around USD 2005 o.e; the oil price is a usual benchmark for prices of all energy resources [12] . These fuel prices are equivalents of USD 10 per ton CO 2 and USD 35 per ton CO 2 in the fuel mix of 2015 based on IEA emission factors of 3.80 tons CO 2 per ton coal, 2.53 tons CO 2 per ton oil and 2.16 tons CO 2 per ton oil equivalent of gas [13] ; all other energy resources are assumed to cause nil CO 2 emissions. Fossil fuels and renewable energy are rivals in the energy markets which implies that low prices of fossil fuel impede sales of renewable energy and high prices enhance it. Hence, these subsequent periods point to a growth in renewable energy in times of unfavourable international prices of energy resources and favourable ones, respectively. Given that the growth rates of a particular novelty can initially be high but decrease after several years, the annual average growth during 10 years or more is assessed and the sum of geothermal, wind and solar energy is considered. All prices are calculated in real USD 2005 , the growth rates denote annual averages, and all regressions represent Pearson correlations across 14 countries and globally (n = 15). "Appendix 1" shows several global indicators in 2015 and growth rates based on the IEA data in 5 year intervals.
The valorisation of energy services is explained in the "Explanations of the substitutions" section. It is a new subject as references to the valorisation of energy services are scarce. Valorisation sheds light on important drivers of innovations in energy markets. The valorization of energy services is empirically underpinned for the USA and European Union in the "Valorization of energy services" section. It is shown that the demands for renewable energy generate high value and incentives for innovation even if this is only detectable in market niches during several years right after the introduction of the innovation. Valorization across countries and impacts on CO 2 emissions are indicated in the "Global valorisation trends" section. It is illustrated that the demands, when fostered by public policies, contribute to far-reaching reductions of CO 2 emissions. It is an encouraging message for policies regarding climate change. The conclusions are drafted in the "Discussion and conclusion" section.
Explanations of the substitutions
The valorisation of energy services can be explained from the mainstream perspective that is focused on prices, from the evolutionary viewpoint that underlines the development in knowledge and from the behavioural perspective that addresses entrepreneurial activities. These viewpoints about general drivers of innovation are not discussed as they are reviewed in another paper [14] . The explanations are presented sequentially though arguments are partly complementary.
Mainstream explanations
In the mainstream (neo-classic) economic theory, price competition is assumed to invoke innovations on energy markets. Price competition drives firms toward more efficient allocation of energy resources which implies an introduction of cheaper technologies whenever feasible. Cheaper technologies enable lower costs of energy consumption. This viewpoint is underpinned with observations that the vested energy technologies are substituted for novel, cheaper new technologies called backstop technologies [15] . This is also underpinned by assessments of the international prices of energy resources which show decreasing trends of prices throughout the last century, when these prices are corrected for inflation, periodical fluctuations and the global fuel mix [16] . In the mainstream view, the competition drives the energy markets toward lower prices, whereas costlier energy services are assumed to indicate market imperfections caused by cartels, policy interventions, and other distortions of the competition.
Price peaks in energy resources are attributed to cartels. As long as the competition on energy markets prevailed, international oil prices fluctuated within the range of USD 2011 15-40 per b.o.e. throughout the 1900s until 1982 when prices peaked at USD 2011 100 per b.o.e. because the oil-producing countries agreed to restrict oil production. Prices dropped to the previous level by 1989 due to competition but increased again to USD 2011 100 per b.o.e. during 2010-2015 when the demands for energy grew much faster; the prices fell thereafter [17] . The first peak of energy prices invoked modern renewable energy technologies: modern biofuels, wave energy, wind power, photovoltaics, solar thermal energy, etc.
High prices of fossil fuels are also important for the growth of renewable energy thereafter, but this is an insufficient explanation. It is observed that modern renewable energy grew globally by 4.4% on average compared to a 1.8% growth of energy consumption from 1990 to 2005 when prices of fossil fuels were low; though in times of high prices from 2005 to 2015, the modern renewable energy grew by 11.1% compared to a 1.7% growth of energy consumption. Moreover, modern renewable energy was costly although its unit costs decreased.
Policy support for renewable energy would also drive that growth. No doubt that policy support for renewable energy is important. However, the total policy support for fossil fuels was several times larger than for renewable energy though it was smaller per energy unit because the consumption of fossil fuels was several times larger. During low prices of fossil fuels, only a few countries subsidised renewable energy and these subsidies fluctuated depending on the policy priorities [18] . During high fuel prices energy subsidies covered nearly USD 487 billion on average per year, and among them, nearly 80% are in support of fossil fuels [19] . All global policy support for energy services, which covers on-budget subsidies as well as tax exemptions, price guarantees, soft loans and other off-budget support, approached USD 1.900 billion in 2010, by and large for fossil fuels [20] ; it was even USD 5.300 billion including the costs for environmental damage [21] .
The European Union, that championed renewable energy consumption throughout the assessment period, supported fossil fuels with USD 31 (€ 23.9) billion and renewable energy with USD 6.9 (€ 5.3) billion in 2001 when the prices of fossil fuels were low [22] . The annual average support of the European Union increased to USD 129 (€ 99.4) billion for fossil fuels and USD 39 (€ 30 billion) for renewable energy during the times of high fuel prices of 2008-2015 [23] . The support for fossil fuels was five times larger than that for renewable energy during low prices and three times larger during high prices, albeit smaller per kilowatt-hour. The main policy support for renewable energy in the European Union was a price guarantee called feed-in tariff, which was a minimum price per supplied unit of renewable energy. During times of low fuel prices, the feed-in tariffs rarely covered all additional costs needed to attain price parity with fossil fuel based on LCOE; an exception was the high feed-in for wind power in Denmark which gave boost to its global leadership in wind energy. During high fuel prices, several countries introduced higher feed-in tariffs for price parity in wind power, biogas and small hydropower, as well as high feed-in tariff for solar power in Germany and other countries [24] . Policy support was essential for the growth of modern renewable energy in several front-running countries but cannot explain the global growth of modern renewable energy during the low price levels of fossil fuels. Larger policy support for renewable energy along with the high prices for fossil fuels can largely explain the faster growth of renewable energy within 2005-2015.
The preoccupation with prices in the mainstream viewpoint is disputed with regard to the unpredictable demands, deficient information and other non-price factors. In the evolutionary viewpoint, energy prices are relevant within an institutional framework [25] , in particular, the market formation and organisation, knowledge and technology development [26] . For instance, the biomass substitution for coal during the nineteenth century in the UK is assessed to be driven by a larger public income, knowledge and education, as well as cooperation within the industries and new technologies, all these in addition to the prices [27] . Progress in science and engineering, it is argued, generates effective energy resources. This is indicated by a higher energy density in the resources due to more hydrogen per carbon in the fuel mass, e.g. more in gas compared to coal, referred to as decarbonisation [28] ; or by a higher density of electrons in power is pinpointed, e.g. nuclear power compared to hydropower. Decarbonisation implies, for instance, that a nearly twice higher ratio of hydrogen per carbon in gas than in coal generates more heat. A global decarbonisation of energy resources throughout the last centuries is argued in terms of the substitutions of carbon-intensive peat and biomass for less carbon-intensive coal, and thereafter coal for oil and gas, followed by low-carbon nuclear and finally for modern renewable energy [29] . The decarbonisation of the energy resources, however, is not always expressed in energy services. For instance, one would expect a faster growth of nuclear power compared to that of coal throughout the last 25 years but the opposite is observed. Similarly, modern renewable energy has grown fast although it is often considered to be of low density and a variable energy resource [30] . Apparently, other factors also play a role.
Annual decrease of cost per unit energy resource is also identified as a driver of growth, referred to as the cost-reducing technological change. The drivers of change differ. Studies on the development of photovoltaic technologies (PV) during the 1980s and 1990s suggest that the knowledge spillovers between firms that developed PV determined the rate of change; these spillovers are considered to be unintended exchanges of the firms' know-how [31] . Studies on the market introduction and dissemination of PV underline that the economy of scale in sales is the driver of cost reduction as a larger scale enables a standardisation in the manufacturing of PV [32] . Both viewpoints can be valid during those different phases of innovations. However, these arguments do not explain the large efforts in technology development and market introduction of PV during the 1990s when fuel prices and policy support were low because sales of PV were uncertain, and therefore, such efforts were risky. They also do not explain the differences in the rate of change across technologies. The rate of change varies across energy resources, for example, the increasing unit costs of nuclear power versus the decreasing unit costs of gas, although both consumption rates have grown. The highest rate of change is in modern renewable energy [33] .
The mainstream and evolutionary explanations focus on market and institutional conditions for renewable energy. High market prices of fossil fuels, larger policy support for renewable energy and more cost-effective technologies created favourable conditions for a faster growth of modern renewable energy during 2005-2015 but do not explain the growth during 1990-2005 when all these factors were not favourable. This implies that the energy services that delivered modern renewable energy were attractive to the growing number of customers even under unfavourable conditions. Such services have grown even faster when conditions are improved.
Innovative performance
The additional explanation refers to entrepreneurs that pursue innovations in energy services when they expect that their novel qualities are going to be purchased because the purchasers can generate benefits due to these novelties. Sales of renewable energy, herewith, are generated when perceived valuable by customers because costlier energy services are expected to be outweighed by the benefits of deliverable qualities for the individual and collective uses. Several benefits of renewable energy, including energy storage, are shown in Additional file 1 along with references. They are divided into the producers' and consumers' benefits for individual and collective goods. Possible producers' benefits are, for example, spread of financial risks and better grid management. For the producers, collectively, these are lower price volatility, fewer energy losses, deferring high-voltage infrastructure, reuse of polluted areas and so on. Individual consumers can gain when monopolies are avoided, power is guaranteed and peaks in demand are reduced, and the consumers' communities can generate tax income, generate jobs, reduce CO 2 emission, etc. It is observed that renewable energy production reduces spot prices on electricity markets [34] [35] , and its consumption enhances the income growth in high-income countries (OECD) [36] and global trade [37] . However, specifications of the costs, benefits and conditions for high benefits have rarely been assessed. This omission needs more research.
An important issue for the explanation of the innovative performance and for policies aiming at fostering innovations is whether those innovators in energy services who have taken the risk of introducing costly modern renewable energy were firms from within the electric and gas business or were newcomers to the energy markets. Therefore, the innovative performances of electric and gas businesses in the USA, Japan and European Union are compared based on their shares in modern global renewable energy during 1990-2005, this is during the unfavourable conditions for renewable energy, and during 2005-2015, which means when conditions have improved. The countries' total shares in global renewable energy were 72% and 60% within these periods. Based on IEA data, Table 1 The success of the European Union during 1990-2005 compared to the USA and Japan was not driven by resource prices because they are international, nor by large policy support because it was rarely sufficient to cover all costs, or by cost-effective technologies for renewable energy because they were generally costlier than rival technologies based on fossil fuels and all those were internationally traded. Moreover, as measured by the number of jobs, which is a conventional indicator of long-term business performance, the electric and gas business in the European Union performed poorly compared to the USA [38] ; the data on Japan in English is unfortunately insufficient [39] . Table 2 presents the number of jobs in all industries and in the electric and gas businesses in the USA and the European Union in 2015, as well as the average annual changes in employment and their annual job equivalents during 1999-2005 and 2005-2015; earlier Eurostat data for the European Union are not reliable. In 2015, the European Union employed twice as many people in the electric and gas business as the USA, although employment in all other businesses was similar. When the European Union captured a high share of global modern renewable energy during 1999-2005, its electric and gas business lost per year − 3% of all jobs compared to only − 1% in the USA. These declines were equivalent to 35,000 lost jobs and 8000 lost jobs, respectively. The innovativeness of energy firms in the European Union is also assessed inferior to the USA, measured by research and development [40] and market value [41] in 2005. The vested electric and gas business did not contribute to the successful growth of renewable energy in the European Union.
Newcomers to energy markets generated innovations. Social initiatives were instrumental for the success in 1990-2005 because they constructed equipment based on renewable energy technologies, for instance, modern windmills and PV panels on roofs, and fostered the purchases of renewable energy in communities under unfavourable conditions. An important motive for those purchases was local employment and income because local energy resources could be employed [42] . Benefits to the local economies motivated stakeholders across various European regions to arrange networks that pursued local knowledge, business start-ups and jobs in renewable energy [43] . For instance, the success of wind power in Denmark is largely attributed to the local cooperatives and farmers being facilitated by tax exemptions. Similarly, the introduction of PV in Germany was mainly generated by communities despite the low feed-in tariffs during that time. Many social initiatives dissolved but some evolved into successful firms, such as Ecopower in Belgium that started in 1991 as a small group of anti-nuclear activists aiming at "alternative energy" with one windmill and evolved into a cooperative of more 
than 50,000 members with 5% share of the Belgian power market in 2015.
When the conditions improved during 2005-2015, many social initiatives turned to business, and new firms entered markets, which was expressed in the statistics as a high birth rate of firms. During 2007-2014, more data is unreliable, an exceptionally high birth rate of firms is observed in the electric and gas business in the European Union; that rate was low in the USA although both experienced a financial crisis in 2008 and the financial support of renewable energy business in the USA was as large or even larger though precise statistical data are unavailable. Regarding low cross-country correlations of the birth-rate growth with feed-in tariffs growth in the European Union and even the negative ones with energy intensity, the high birth of firms cannot solely be attributed to policy support or economic development but should also be attributed to the growing entrepreneurial capabilities of the social initiatives and new firms [44] . The emergence and growth of innovating firms in renewable energy is an important subject for policy making which needs more research.
The growth of modern renewable energy can be comprehended as an innovation spur aiming at beneficial energy services. Trailblazing innovators in the European Union were particularly successful during unfavourable conditions due to social initiatives and newcomer firms to energy markets which fostered technology development and purchases of renewable energy in communities. Social initiatives triggered the birth and growth of new firms in the electric and gas business when the conditions for renewable energy were improved.
Valorization of energy services
Regarding the high market shares of renewable energy and its fast growth during 2005-2015 in the USA and European Union, the valorisation of energy services in these countries is estimated. The data of Energy Information Administration (EIA) is used for the USA (https://www.eia.gov/electricity/annual/) and the Eurostat data for European Union. The estimates are focused on electricity services, because of their higher value than that of heat services. The valorisation is calculated in the following way:
for the resources volume q r;total ¼ q t;coal þ q t;oil þ q t;gas 
The value addition is assessed as the annual sale prices of electricity multiplied by the delivery volume (sales) minus the annual purchase cost of an energy resource multiplied by the resources mix for electricity generation (purchases). The purchase quantities are the sum of coal, oil and gas purchases. The purchase prices are weighed for the share of resource quantity in total. All prices are deflated to 2005, and euros are converted into dollars. The following data are used. The resource prices are based on the international prices of coal, oil and gas in the USA 1 and assumed applicable to the European Union because such data is unavailable in its statistic. The fuel mix is country-specific. The sales prices are an average of all households and businesses in the USA, as well as mid-size households and mid-size firms in the European Union, both in USD 2005 including profit and tax. The deliveries cover all households and businesses in terawatt hour.
Electricity deliveries
The valorisation of energy services is observed in households but not in businesses, which holds true for the USA and European Union. Table 3 shows the prices of purchases and sales, as well as the value added for services to households and businesses in the USA and European Union from 2005 to 2015.
The cost of electricity to households was on average 10 times higher than the purchase prices of energy resources in the USA and 31 times higher in the European Union; all, including taxes, were 6 and 16 times higher in businesses. Consumers are ready to pay a lot for energy services. The purchase costs decreased by − 2.7% on average in the USA and − 2.4% in the European Union, whereas their difference reflects fuel mixes. The cost to households increased by 1.7% on an annual 
average in the USA and 2.0% in the European Union and the delivery by 0.4% and 0.6%, respectively. Hence, the value added grew per year by 2.0% on average in the USA and 2.8% in the European Union, which are equivalents of an additional USD 2005 2 billion and USD 2005 7 billion per year, respectively. The value added of energy services to industries grew on average by 0.5% in the USA and declined − 0.7% in the European Union, whereas delivery decreased when cost increased, which provides yearly equivalents of USD 2005 0.2 billion and USD 2005 -1.0 billion, respectively. Modern renewable energy grew faster than all deliveries of electricity. In the USA, solar energy delivery grew by 75% on annual average up to 1.39 TWh and wind power by 44% up to 30 TWh in 2015; together, they accounted for 2.3% of the electricity consumption in 2015. In the European Union, solar energy delivery grew by 33% on average up to 152 TWh and wind energy by 16% on average up to 302 TWh, which accounted for 27% of the electricity consumption in 2015. Geothermal energy is rarely used for electricity generation but is increasingly used for heating. These findings are counterintuitive. A conventional argumentation is that higher prices reduce deliveries; price elasticity of demands for energy resources is estimated to be on average − 0.4 in the short run and − 0.7 in the long run across various studies [45] , respectively. However, the sales prices of electricity to households increased throughout 2005-2015 on average per year in the USA and European Union, whereas the prices of energy resources for the electricity generation decreased. These changes generated higher value added, which evolved along with fast growth of the deliveries of modern renewable energy to households but the growth of value added is not observed for the deliveries to businesses. A challenge is whether the growing value added of energy services to households can be explained by imperfections in the energy markets or by the deliveries of modern renewable energy as innovative energy services; the latter is possible because it is observed that innovations in energy markets do generate higher prices and deliveries [46] . These alternative explanations are discussed subsequently.
A market imperfection can be caused by behavioural slack. Sluggish energy savings when prices increase are observed in industries [47] , but this study shows a sensitivity to higher electricity prices. Slack is also observed at households when personal income grows as long as the energy costs remain below 6% of the income [48] , but personal income decreased in the USA and stabilised in the European Union from 2005 to 2015 as estimated using the World Bank data. An imperfection can be that the subsidies are not reflected as lower prices but such ripple effects of policies disappearing after a few years on the markets under competition. Competition in the energy markets increased in the European Union due to privatisation, high birth rate of new energy firms and the decreasing share of the largest electricity producer, with the exception of Denmark, Germany and Austria where local public firms merged and in the UK where private firms merged. Monopoly prices may have been found in the USA because firm scales are larger and birth rates of firms are lower, and subsequently, sales prices grew slower than in Europe. Taxes have hardly increased in the European Union if based on estimates of electricity prices during 2008-2015 with and without taxes. These estimates show that taxes rarely exceed 20% of the average consumer price in the European Union, although it is a rough estimate as the prices and taxes hugely vary in time, per country and per scale of energy consumption 2 . As only the total consumption is shown in the statistics, the shares per scale in total consumption are estimated 3 . It is found that the sum of taxes did not increase in time. The value added without taxes grew even faster than with taxes: 4.1% in households and 2.6% in business without taxes compared to 2.8% and − 0.7% with taxes, respectively. This data is not found for the USA. Slack, income growth and taxes do not explain the value-added growth.
Modern renewable energy plausibly added value. The growing value added of energy services in households is correlated to the growth of renewable energy consumption during the period from 2005 to 2015 (R 2 = 0.56 for the USA and R 2 = 0.45 for the European Union). Modern renewable energy grew particularly fast despite higher costs. Private statistical data with regard to the energy business in the USA during 2007-2015 indicate that the sales of modern renewable energy were low when the prices were high in 2007 4 . Solar power cost was USD 2.67 per kilowatt-hour, which is more than 50 times costlier than wind power, which in turn was twice as expensive as hydropower; hydropower is about as costly as power based on fossil fuels. Costs decreased when sales grew: sales of solar power grew on average by 160% along with the decrease of unit costs by − 48% on average, wind power by 25% and − 6% and hydropower by 0.6% and − 0.7%, respectively. Sales of solar power and wind power grew although price parity with hydropower was not attained by 2015, which indicates high appreciation for modern renewable energy and fast cost-reducing technological change. Such data for the European Union is not found, but the appreciation is also observed with regard to the growing cross-country correlations between electricity prices and renewable energy share in electricity consumption during that period of time (from R 2 = − 0.11 in 2004 to + 0.34 in 2015). Electricity deliveries to households in the USA and the European Union enlarged along with higher prices and lower costs of energy resources, which generated a larger value added of electricity services. These changes are not observed in businesses. The growing value added of energy services is related to the sales of modern renewable energy, which grow despite the lower prices of the alternatives. This is an indication of consumers' appreciation for modern renewable energy.
Incentives for innovations
The valorisation of energy services generates incentives for innovations indicating opportunities for profitable sales. The value added of all electricity services, this means for households and businesses, has increased yearly by USD 2005 2.4 billion in the USA and USD 2005 6.7 billion in the European Union, respectively. That large income after subtracting the costs of resources generated substantial incentives for novel qualities entailing a diversification of energy services. The sum of the value added has enlarged by USD 2005 9.2 billion on an annual average, which is equivalent to five times all expenditures on research, development and demonstration with regard to energy efficiency and renewable energy in these countries [49] .
An observation is that the energy services diversify. A growing market refers to the distributed energy systems, usually based on modern renewable energy. The global capacity of distributed energy systems is estimated to have achieved 109.9 GW in 2015 and 125.9 GW in 2016, which is equivalent in value to USD 65.8 billion and USD 69.7 billion, excluding wind power, combined heat power and energy storage [50] . Including batteries, measured by power, the global distributed energy systems grew by 22% on annual average from 2006 to 2016. In 2016, the market value of distributed systems approached USD 200 billion measured by the batteries; about half of that capacity was in the USA [51] . Batteries are preferred for storage despite the lower costs of alternatives, for instance, water storage [52] . Water storage as a technology for energy storage is presently used in large-scale reservoirs, but not as distributed energy systems although it is possible to be used on a smaller scale, for instance, for energy storage in communities.
Innovations also cover the equipment for information and communication, so-called smart grids. The smart grids, distribution automation and smart metering systems in the USA grew from nil to about USD 3.3 billion a year during the period from 2007 to 2015. These sales were lower than 1% of the total electricity sales in 2015 but grew by 17% on annual average when compared to about 1.0% growth of all electricity sales 5 . Other studies show a 23% growth of distributed energy, water heating, lighting, electronic appliances and demand response for information systems in the USA during that period of time (https://www.greentechmedia. com/articles/read/u.s.-advanced-energy-revenue-grewby-just-1-in-2016). Renewable energy technologies are also tuned to the specific markets; PV and wind power are, for example, integrated in construction when aiming to reduce space use or to prevent negative impacts to nature and landscape. Reliable valuations of such innovations, however, are not found. Statistical data on the distributed energy systems in the European Union are not available, but there is progress regarding many local energy initiatives and the European Union directive that facilitates them [53] .
The valorisation of energy services generates incentives for innovation which invokes the diversification of energy services. The innovations are presently focused on distributed energy systems.
Global valorisation trends
It was assessed using the IEA data whether the valorisation of energy services has evolved in the 14 countries mentioned above and globally during the period from 1990 to 2015, as well as specifically during the unfavourable conditions for renewable energy from 1990 to 2005 and during the favourable conditions from 2005 to 2015. Trends were estimated, meaning average growth rates during those periods of time. These trends cover energy intensity, electricity consumption and energy consumption per capita, as well as the share of all renewable energies in energy consumption, the share of modern renewable energy in energy consumption and CO 2 emissions. The valorisation of energy services is shown by comparison of the trends per country. Higher growth rates of energy intensity and electricity consumption compared to energy consumption per capita indicate the valorisation. Higher growth of the shares of all renewable energies and the modern one in energy consumption compared to energy intensity and electricity consumption points to their contribution to the valorisation. In addition, a higher growth of modern renewable energy than the CO 2 emissions points to its contribution to emission reduction. "Appendix 2" presents a number of countries where valorisation is observed and the cross-country correlations between those trends. Whereas the former indicates whether the valorisation is widespread, the latter shows whether the trends across countries are similar or diverge. Table 4 shows the data in 2015 and the average growth in the period from 1990 to 2015; the growth rates during 1990-2005 and 2005-2015 are also estimated and discussed beneath but not presented in the Table. Energy consumption varies across countries. Energy intensity range has spread four times from 0.27 USD 2005 per kilowatt-hour in Ethiopia to 1.19 USD 2005 per kilowatt-hour in the Philippines, whereas electricity consumption per capita has spread 150 times from 86 kWh in Ethiopia to 13.0 MWh in the USA and energy consumption per capita has spread 14 times from 2.6 MWh in Bangladesh to 81.3 MWh in the USA. Energy intensity grew in all countries except Brazil, as well as electricity consumption in all countries and energy consumption per capita in all countries except the high-income ones and the Russian Federation. Energy intensity has grown faster than energy consumption per capita in 9 out of 14 countries and globally throughout the whole period, in seven countries and globally during 1990-2005 and in 10 countries and globally during 2005-2015. Higher fuel prices triggered higher energy intensity. Electricity consumption grew faster than energy consumption per High fuel prices did not trigger electricity consumption across those countries. Energy intensity and electricity consumption are correlated to the energy consumption per capita across countries during 1990-2005, which points to similar trends across the countries, but they are not correlated within the period from 2005 to 2015 and throughout the period from 1990 to 2015, which points to diverging trends. The valorisation of energy services is widespread though the trends diverge across the countries. The impacts of higher fuel prices on the valorisation were mixed because they triggered energy intensity but not electricity consumption. The consumption of renewable energy also varies. All renewable energy in 2015 covered about 14% of the global energy consumption in 2015 (4% lower than shown in the World Bank data) which varied from 3% in the Russian Federation to 94% in Ethiopia. Modern renewable energy covered about 1.5% of the global energy consumption in 2015, which varied from nil in low-income countries to 18.4% in the Philippines and 7.7% in Indonesia, mainly geothermal energy, and 2.9% in the European Union, mainly wind power and solar power. The decreasing share of all renewable energy is a trend in all countries except the three high-income countries and Brazil. Its growth is slower than the growth of energy intensity and electricity consumption in most countries and correlated negatively. Modern renewable energy consumption tends to grow globally, but does not grow in the low-income countries that primarily use biofuel. Growth is very high in China, India, Brazil, Russian Federation and the European Union. The growth rates of modern renewable energy were higher than the energy intensity in eight countries and globally, and these two correlate throughout the period from 1990 to 2015. They were higher than electricity consumption in nine countries and globally and correlate during 1990-2005, not during 2005-2015, but throughout the period 1990-2015. Total CO 2 emissions grew globally but decreased in five countries. The growth of modern renewable energy is higher than the growth of CO 2 emissions in nearly all countries and (negatively) correlated throughout the years 1990-2015. The contribution of modern renewable energy to the valorisation is widespread across the countries. That contribution grew in most countries with the exception of low-income counties, where the consumption of biomass and hydro resources increased.
Valorisation across countries
The valorisation of energy services evolved in most countries and globally, and modern renewable energy contributed to that and to CO 2 emission reduction. The global energy market is evolving from fossil fuels to renewable energy and from traditional renewable energy resources to the modern ones.
Extrapolation of the growth rates
The trends during 1990-2015 are extrapolated to 2015-2040 which means that the average growth rates of income, energy consumption, renewable energy and CO 2 emissions during the past 25 years are assumed to continue in the future 25 years without any change. It is assessed whether the growth of modern renewable energy enables CO 2 emission reduction. Opinions about such continuity differ. Some experts expect that renewable energy grows toward nearly zero fossil fuel consumption within a few decades due to the cost-effective technologies [54] and social innovations in energy consumption [55] , but other experts doubt such a possibility with regard to the persistence of vested technologies [56] and obstructive interests and deficiencies in novel renewable energy technologies [57] . The presented extrapolations solely show the impacts of the past trends without suggesting realities although, in general, the past trends are good predictors of future patterns as breakthrough changes on a global scale are rare. Whether the past trends continue in the far future is to be seen. Important factors, herewith, are progress in renewable energy technologies, diffusion of distributed energy systems with energy storage and policies that foster an entry of cost-effective innovations with price incentives rather than erect regulations to protect costly vested interests.
From the extrapolations, it could be assumed that in energy consumptions, fossil fuels are being gradually substituted for renewable energy. In the calculations, therefore, the extrapolated supplies of coal, oil, gas and nuclear are reduced by the sum of extrapolated biofuels, hydropower and modern renewable energy; that reduction is associated with the resource share in total fossil fuel supplies. Energy production and consumption are assumed to be in balance every year in each country, which does imply no storage nor international trade although they are possible and cost-effective in practice. CO 2 emissions are based on the remaining fossil fuels (calculated with the IEA factors 3.80 ton CO 2 per ton coal, 2.52 ton CO 2 per ton oil, 2.20 ton CO 2 per ton oil equivalent of gas; all other energy resources nil CO 2 emissions). As a verification of these factors, it was found that the calculated global CO 2 emissions deviated 1.2% from the IEA data for 2015 although the deviations are larger for a few countries; the reasons for these deviations are unknown. Two extrapolations were calculated: one for the case that the average growth of renewable energy of the countries in the period from 1990 to 2015 continued without any change during 2015-2040, which is plausible in the case where renewable energy technologies become more cost-effective; and another one for the case that the average growth of modern renewables saturates and other growth rates do not change. This saturation is calculated as a linear decline of the average growth for the period from 1990 to 2015 as being 25% of that in 2040, which approximates a logistic function of market share in time. This extrapolation is plausible in the case where vested interests obstruct innovations and policies decrease efforts in mitigation of the climate change. All calculations are done per country each year. In Table 5 , the results are given as indices of 2015 in 2040 (fossil fuels are not shown as they are related to renewable energy).
Both extrapolations demonstrate a 3.8 times larger global real income in 2040 than in 2015 and a 2.0 times larger global energy consumption although the latter decreases in the high-income countries despite larger GDP. Smaller differences between the countries' income and energy consumption can be expected. Modern renewable energy is the main contributor to global renewable energy and CO 2 emission reduction. As a result of growing renewable energy, China has become the largest global energy producer, followed by India and the European Union.
In the first extrapolation, modern renewable energy would grow globally about 103 times in 2040 compared to 2015. That global growth would be faster than the average growth in the European Union during the past 25 years but slower than the average growth in China, India and Brazil during the last 25 years. Global consumption of fossil fuels in 2040 might be reduced by 48% compared to 2015, whereas the global CO 2 emissions might be reduced by 54% compared to the 2015 level. It would be 46% of the 2015 level or 15% below the 1990 level, which is needed for the mitigation of climate change. Nil CO 2 emission would be attained in China, India, and Ethiopia. A sensitivity assessment based on the growth rates during 1990-2005, it is when the conditions for renewable energy were unfavourable, does not change this outcome significantly. In the second extrapolation, modern renewable energy would grow nearly 10 times by 2040, whereas global growth rates would be lower than the average ones during last 25 years in the European Union. Global consumption of fossil fuels would be reduced in 2040 by 15%, and global CO 2 emissions would be reduced by 18% compared to the 2015 level, which means 82% of the 2015 level. Both extrapolations suggest that growth of income and energy consumption does not preclude a substantial emission reduction of CO 2 if modern renewable energy technologies are disseminated due to higher value energy services and policy incentives.
If renewable energy is pursued during the next few decades at a similar pace as during the last decades, global CO 2 emissions would be sufficiently reduced for a climate change mitigation. This emission reduction would be attained along with higher income and energy consumption. Modern renewable energy would become the key global energy resource, whereas China, India and the European Union were the largest energy producers.
Discussion and conclusion
Global energy consumption grows along with shifts from fossil fuels to renewable energy, as well as from the traditional renewable energy resources based on biomass and hydropower to modern renewable energy based on The growth of modern renewable energy is driven by entrepreneurs that pursue qualities in energy services perceived valuable by customers. In effect, the value added of energy services increases, referred to as the valorisation of energy services. In addition to heat, power, motion, light, sound and other valuable qualities of energy services, modern renewable energy enables access to remote areas, flexible production and autonomy in consumption, as well as jobs, income, security and suchlike benefits for the individual and collective interests. Modern renewable energy grows when the benefits of its qualities outweigh the costs of supplies as perceived by customers; the growth is enhanced when the conditions for renewable energy are favourable. The European Union was particularly successful compared to the USA and Japan. The innovators, herewith, were rarely the vested firms in electricity and gas business. Of more importance were social initiatives and small firms that generated know-how, procurement, policy support and other facilities which enabled the growth of business focused on modern renewable energy and distributed energy systems. Herewith, social initiatives created conditions for an entry of innovators despite higher costs than those of the competitors as the innovations in energy services deliver value-adding qualities. How policies can foster beneficial uses of renewable enery and whether this is applicable to other technologies should be studied.
The valorisation of electricity services for households is noticed in the USA and the European Union during [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] [2015] . Although the sale prices of electricity were manifold higher than the purchase prices of energy resources, electricity prices at households increased along with larger deliveries of electricity, whereas the purchase prices decreased; this is not observed in industries. In effect, the value added of energy services to households and industries together grew on average by 2.0% per year in the USA and 2.8% in the European Union, respectively, which was mainly driven by the growing share of modern renewable energy. Those growth rates are equivalents of the additional values of USD 2005 3 billion in the USA and USD 2015 6 billion in the European Union on average per year. Together it is about five times larger market exenditure than all annual expenditures for research, development and demonstration in the fields of energy efficiency and renewable energy in those countries. Hence, the valorisation of energy services generated incentives for innovations that diversify energy services toward distributed energy systems, electricity storage in batteries, customization of energy technologies and emission reduction of CO 2 .
The valorisation of energy services due to modern renewable energy is observed in most countries. Higher income can be generated along with lower CO 2 emissions when fossil fuels are substituted for modern renewable energy. If a countries' average growth rates in the period from 1990 to 2015 are extrapolated to the period from 2015 to 2040, global income per capita would increase four times, energy consumption per capita twice, and renewable energy would grow 100 times along with the CO 2 emission reduction to 46% in the 2015 level. This would be 15% lower emission than the CO 2 emission observed in 1990, which is targeted for the mitigation of climate change. This is plausible for the cases in which the innovations do continue due to diverse energy services and cost-effective technologies. When the growth rates of modern renewable energy gradually decline because innovations are obstructed, global renewable energy would grow only tenfold and CO 2 emission would be reduced to 82% of the 2015 level. In both extrapolations, income and energy consumption, renewable energy supplies and emission reduction would change a lot across countries and energy production would shift to China, India, Brazil and the European Union.
The valorisation of energy services is rarely studied. Although it is briefly covered in this paper, a few lessons can be learned. A lesson for energy businesses is that markets diversify and evolve toward high-value energy services. A lesson for innovators is that even costly energy technologies disseminate when valuable qualities are added and are facilitated by social initiatives that allow for beneficial applications. Finally, a lesson for policy making is that the valorisation of energy services due to renewable energy does generate growth of income along with a far-reaching emission reduction of CO 2 when policies foster sustainable innovations by putting a high price on CO 2 .
Methods
All methods used for the analysis are presented in the "Background" section. 2 For instance, the production prices as a percentage of the consumer prices in 2015 varied from 20% in Denmark to 84% on Malta, the network prices from 11% on Cyprus to 45% in Romania and taxes from 5% on Malta to 61% in Denmark based on the Eurostat https:// ec.europa.eu/eurostat/data/database. 3 The following scales are assumed for households: below 1000 kWh annual consumption is 10% of the total, 1000-2500 kWh 20%, 2500-5000 kWh 40%, 5000-10,000 20% and above 10,000 kWh per year 10% of the sum. The assumed scale for industries are: below 20 MWh 10% of the total, 20-500 MWh 10%, 500-2000 MWh 20%, 2000-20,000 MWh 30%, 20,000-70,000 MWh 20%, 70,000-150,000 MWh 10%. The estimation method of Eurostat is unclear based on the Eurostat https://ec.europa.eu/eurostat/data/database. 4 https://www.statista.com/statistics/289149/revenuesolar-power-industry-united-states, accessed 21 Aug 2017. Sales prices are calculated as sales divided by deliveries; the sales are assumed equivalent of revenues. 5 This statistic defines distributed energy systems as inventory of several technologies: small scale photovoltaic, local electricity and heat grids, energy storage, electric vehicles, charging stations, demand management and measuring systems; sometimes local biofuels, wind power and co-generation are included. https://www.statista.com/statistics/222082/projected-us-smart-grid-market-size, accessed 21 Aug 2017. Krozer Energy, Sustainability and Society (2019) 9:9 Page 14 of 16
Appendix 1

